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ABSTRACT
A 3-azidoproflavine derivative was covalently linked to the 5'-end

of an octathymidylate synthesized with the [a]-anomers of the nucleoside. Two
target nucleic acids were used for this substituted oligo-[a]-thymidylate : a
27-mer single-stranded DNA fragment containing an octadeoxyadenylate sequence
and a 27-mer duplex containing eight contiguous A.T base pairs with all ade-
nines on the same strand. Upon visible light irradiation the octa-[a]-thymi-
dylate was photocrosslinked to the single-stranded 27-mer. Chain breaks were
induced at the crosslinked sites upon piperidine treatment. From the location
of the cleavage sites on the 27-mer sequence it was concluded that a triple
helix was formed by the azidoproflavine-substituted oligo-[a]-thymidylate with
its complementary oligodeoxyadenylate sequence. When the 27-mer duplex was
used as a substrate cleavage sites were observed on both strands after piperi-
dine treatment of the irradiated sample. They were located at well defined
positions which indicated that the octathymidylate was bound to the
(dA)8.(dT)8 sequence in a parallel orientation with respect to the (dA)8-con-
taining strand. Specific binding of the [a]-octathymidylate involved local
triple strand formation with the duplex (dA)8.(dT)8 sequence. This result
shows that it is possible to synthesize sequence-specific molecules which
specifically bind oligopurine-oligopyrimidine sequences in double-stranded DNA
via recognition of the major groove hydrogen bonding sites of the purines.

INTRODUCTION

The regulation of gene expression involves the recognition of nu-

cleic acid base sequences or nucleic acid structures by regulatory proteins or

regulatory nucleic acids (see references 1 and 2 for reviews). The recognition

occurs at the level of either double-stranded DNA (e.g., transcription regula-

tion by repressors or activators) or single-stranded RNA (e.g., regulation of

mRNA translation or splicing of pre-mRNA). Synthetic oligonucleotides and

anti-sense RNAs can be used to artificially control gene expression (2). In

most of these experiments complex formation between a messenger RNA and the

oligonucleotide or the anti-sense RNA was responsible for translation arrest.

There are additional mechanisms which may be involved such as prevention of

mRNA transfer from the nucleus to the cytoplasm (3) or inhibition of splicing
events (4). Short oligonucleotides could also interfere with DNA transcription
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provided they are targeted to the unpaired DNA region which is created by RNA

polymerase bound to a promoter (5). Since unpaired regions in DNA and acces-

sible regions in mRNAs are usually very limited in size it is necessary to

increase the affinity of the short complementary oligonucleotides for their

target sequence. This can be achieved by covalent linkage of an intercalating

agent to either end of the oligonucleotide (6-10).

The use of synthetic oligodeoxynucleotides in vivo is limited by

their sensitivity to nucleases. Using the synthetic [a]-anomers of nucleosides

instead of the natural [a]-anomers make oligodeoxynucleotides resistant to

nucleases (11-1 4). Therefore oligo-[a]-deoxynucleotides represent interesting

tools for the artificial control of gene expression in vivo. The efficiency of

mRNA translation arrest should be notably increased if oligonucleotides could

induce irreversible damages in their target sequence. This can be achieved by

covalent attachment of reagents which can be chemically activated to form

crosslinks or induce chain breaks in the complementary sequence (see refe-

rences 15 and 16 for reviews). We have recently developed reagents which can

be photochemically activated to create either crosslinks or photosensitized

damages in the target sequence of the oligonucleotide (17). In all cases stu-

died until now the target was a single-stranded nucleic acid (either RNA or

DNA). Targeting irreversible reactions to specific sequences on a double-

stranded DNA or RNA might open new ways for, e.g., in vivo site-specific muta-

genesis or gene inactivation. Here we show that an oligo-[a]-deoxythymidylate

covalently linked to an azidoproflavine derivative can recognize a stretch of

A.T base pairs provided all adenines are on the same strand. This recognition

involves local formation of a triple helix where thymines of the oligo-[a]-

deoxythymidylate are hydrogen bonded to the adenines in the major groove of

the DNA double helix. The azidoproflavine derivative can be excited by light

to induce crosslinking reactions to either strand of the target duplex. These

crosslinked species undergo cleavage reactions under alkaline conditions.

MATERIALS AND METHODS

The synthesis of [a]-octathymidylate was previously described

(14,17). The [a]-anomer of thymidine was purchased from Sigma and oligonucleo-

tide synthesis was carried out in solution using the phosphotriester proce-

dure. A thiophosphate group was added to the 5'-end of the octathymidylate as

previously described (17,18). This thiophosphate group was reacted with

3-azido-6-(3-bromopropylamino)-acridine to obtain the azidoproflavine-substi-

tuted oligonucleotide which will be referred to as N3Pf-[a]-(dT)8 (see Figure
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1). The azido derivative was prepared from 3-amino-6-(3-bromopropylamino)-

acridine(18) as follows. The disulfate of 3-amino-6-(3-bromopropylamino)-

acridine (0.5 g ; 0.89 mmol) was dissolved in ethanol (110 ml). To the solu-

tion, a water-concentrated hydrochloric acid mixture (5:1 v/v ; 60 ml) was

added with stirring and the resulting solution was cooled in an ice salt bath

at 0°C. Then, sodium nitrite (80 mg ; 1.16 mmol) was added in small aliquots.

The diazotation was allowed to proceed at low temperature for 1 h. All further

operations were performed in the dark. To the deep purple solution thus obtai-

ned, sodium azide (63 mg ; 0.97 mmol) in water (10 ml) was added slowly. The

solution was stirred for one hour in an ice bath and then for an additional

hour at room temperature. The solution was stored overnight at 0°C. 3-azido-6-

(3-bromopropylamino)-acridine precipitated as the hydrochloride. It was filte-

red, washed with water and dried. A first fraction of pure material was thus

obtained (160 mg). The filtrate was concentrated under reduced pressure to

precipitate a second fraction of material (70 mg) containing traces of impuri-

ties. Overall yield : 63 % (monohydrochloride, monohydrate). mp 1650c
(dec,N2). 1H NMR (60MHz,DMSO-d6, HMDS as internal reference) : 6 = 9.10

(1H,s,CgH) ; 8.45 (1H,broad s,NH) ; 8.35-7.80 (2H,m) ; 7.60-7.00 (3H,m) ; 6.70

(1H,s,C5H) ; 3.75 (t,J=7 Hz,N-CH2 or CH2-Br) ; 3.45 (t,J=7 Hz,CH2-Br or N-CH2)

; 2.15 (2H,m,CH2-CH2-CH2). MS (FAB,thioglycerol,acetic acid 1 %, positive

ions), m/z : 358 [M+(8lBr)+1] ; 356 [M+(79Br)+1] ; 332 [M+(79Br)-N2+3H]. Ana-

lysis, calculated for C16H14BrN5, 1HCl, 1H20 : C,46.79 ; H,4.17 ; N,17.05 ;

Br,19.46; found : C,46.51; H,4.08 ; N,16.83 ; Br,19.99. IR (KBr) : 2120

cm-1. UV (ethanol), Xmax (£) : 461 (15000), 370 (10500) ; 286 (25000) ; 263 nm

(25500).

The two complementary 27-mer oligodeoxynucleotides used as targets

for N3Pf-[a]-(dT)8 were synthesized with a Pharmacia automatic synthesizer.

Their sequences are shown on figure 1. One of them contained a (dA)8 sequence

and will be referred to as 27mer-(dA)8. The other contained a (dT)8 sequence

and will be abbreviated as 27mer-(dT)8. They were purified by polyacrylamide

gel electrophoresis and reverse phase chromatography. 5'-end labeling was

achieved by T4 polynucleotide kinase and Y-32P-ATP (Amersham).
The oligonucleotide N3Pf-[a]-(dT)8 was mixed with the target se-

quence (either single-stranded or double-stranded) at 200C and the solutions

were cooled down to 0°C. After 30 minutes incubation the samples were irra-

diated at 0°C with a HBO-200 W lamp using a pyrex filter to remove wavelengths
shorter than 300 nm. The irradiated samples either before or after alkaline

treatment (1 M piperidine, 900C, 20 minutes) were loaded on denaturing polya-
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(a H N(CH2) -S- P -0-(5*)

..........................

(b) (5')TGAGTGAGT.AAAAAAAA:TGAGTGCCAA( 3')
1 |10°t 27

........... ... 27
(55 )TGAGTGAGT *AAAAAAAA.TGAGTGCCAA(3')
(3')ACTCAC TCAAT TT T TT T TVACTCACGGT T(5')

1 t 27

Figure 1 : (a) Structure of the azidoproflavine derivative covalently linked
to the 5'-thiophosphate of the oligo-[a]-thymidylate used in the present stu-
dies. (b) Sequence of the 27mer-(dA)8 single-stranded DNA fragment. (c)
Sequence of the 27mer-duplex. In (b) and (c) the arrows indicate the sites of
cleavage observed after irradiation of the single strand and the double strand
in the presence of N3Pf-[[a]-(dT)8 followed by piperidine treatment. The target
sequence is boxed by a dotted line.

crylamide gels (20 % acrylamide, 0.5 % bis-acrylamide, 7 M urea). The gels

were autoradiographed at -700C using either Kodak (X-OMat) or Fuji(X-ray)

films and an intensifying screen. For quantitative measurements bands were cut

out of the gels and counted for radioactivity.

RESULTS

1. Site-specific photocrosslinking and cleavage of single-stranded DNA.

The 27mer-(dA)8 single-stranded DNA fragment was 32P-labeled at its

5'-end and used as a target for site-directed photochemical reactions using

N3Pf-[a]-(dT)8 as a photosensitizer (figure 1). The irradiated mixture was

loaded on a denaturing polyacrylamide gel at neutral pH. After electrophoresis

and autoradiography new bands were revealed which migrated more slowly than

the intact 27mer-(dA)8 fragment (figure 2). Irradiation of azidoderivatives

generate intermediate species (19) which are highly reactive towards nucleic
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Figure 2: (a) Crosslinks formed upon irradiation of N3Pf-[a]-(dT)8 with the
5'-end labeled 27mer-(dA)8 (see sequence on figure 1). Lane 1 is the irradia-
ted mixture loaded on a denaturing polyacrylamide gel at pH 8. Lane 2 is the
27mer marker together with faint bands corresponding to a (G + A) sequence.
Irradiation was carried out at 00C with 10 nM of 27mer and 0.5 jM
N3Pt-[a]-(dT)8 in a pH 7 buffer containing 10 mM Na phosphate and 0.1 M NaCl.

(b) Autoradiogram of a polyacrylamide gel after electrophoresis of
irradiated mixtures of N3Pt-[a]-(dT)8 and 5'-end labeled 27mer-(dA)8 further
treated by piperidine at 900C for 20 minutes. Part of the sequence ot the
27mer is shown on the right. XL indicates crosslinks which have not been clea-
ved by piperidine treatment. Lanes 1,2,3 and 4 correspond to increasing con-
centrations of N3Pf-[a]-(dT)8: 0.075, 0.25, 0.75 and 2.5 jM, respectively.
The 27 mer-(dA)8 concentration was 5 nM. Irradiation in the absence of N3Pf-
[a]-(dT)8 did not give rise to any reaction but piperidine treatment revealed
bands at all guanines with intensities similar to those shown in lane 1.

7753

0



Nucleic Acids Research

acid bases (20,21). Therefore the slowly migrating bands were most likely due

to crosslinked species in which the oligo(dT)8 was covalently attached to the

27-mer via its proflavine moiety. These photocrosslinked species should have a

retarded migration on the gels due to i) the increased number of nucleotide

units and ii) the branched structure expected if the oligo(dT)8 is crosslinked

at or close to the target (dA)8 sequence.

In order to further characterize the photocrosslinked species the

irradiated samples were treated with 1 M piperidine at 900C for 20 minutes. We

previously showed that photocrosslinked species induced upon irradiation of a

p-azidophenacyl-substituted oligonucleotide could be cleaved under alkaline

conditions (17). The results presented on figure 2b show that the crosslinked

species nearly completely disappeared after alkaline treatment and new bands

appeared which corresponded to fragments of the 27-mer. A comparison with a

sequencing gel revealed that the main cleavage reaction occurred at T-9, fol-

lowed by T-18. Weak reactions occurred at A-10, G-8 and G-19. The bands cor-

responding to the main cleavage sites (T-9 and T-18) were cut out from the gel

and the radioactivity counted. The ratio of the radioactivity in these two

bands (T-9/T-18) remained approximately constant (8 3.0) when NaCl concentra-

tion increased from 0.1 to 1 M. This ratio did not change with the duration of

irradiation (between 1 and 10 minutes) nor with the concentration of

N3Pf-[a]-(dT)8 (between 0.25 and 2.5 PM)
The observation that cleavage occurred on both sides of the (dA)8

target sequence suggested either that [a]-(dT)8 was bound in two different

orientations with respect to the (dA)8 sequence or that a triple helix was

formed. Using p-azidophenacyl covalently linked to [cL]-(dT)8 we previously

showed that a double helix was formed with the (dA)8 sequence in which the two

strands had a parallel orientation (17). Covalent attachment of proflavine

might have perturbed this interaction in such a way that a fraction of the

[a]-(dT)8 was bound in an anti-parallel orientation with respect to the (dA)8
sequence. However this seemed unlikely as covalent attachment of another

intercalating agent, namely, 2-methoxy-6-chloro-9-aminoacridine, did not

induce such an inversion (17). In order to determine whether a triple helix

could form we used absorption spectroscopy to determine the stoichiometry of

the association between N3Pf-[a]-(dT)8 and oligo(dA)8. As shown on figure 3

complex formation between the two octadeoxynucleotides was accompanied by a

hypochromism in the visible and the near-UV bands of azidoproflavine. A stoi-

chiometry of 2 oligo(dT)8 per oligo(dA)8 was obtained both in 0.1M and 1 M

NaCl. In contrast a 1:1 stoechiometry was obtained when poly(rA) was used
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Figure 3 : Relative absorbance of 10 iM N3Pf-[a]-(dT)8 at 394 nm upon addition
of increasing concentrations of either oligo(dA)8 (o) or poly(rA) (A).
[Ado]/[N3Pf] is the ratio of adenine to azidoproflavine concentrations. Absor-
bance measurements were carried out at 50C in a pH 7 buffer containing 10 mM
Na cacodylate and 0.1 M NaCl.

instead of oligo(dA)8 (figure 3). These results indicated that at 00C N3Pf-

[a]-(dT)8 formed a triple helix with a (dA)8 sequence in which each adenine

was hydrogen-bonded to two thymines as observed in poly(dA).2 poly(dT)
(22,23). Therefore the photocrosslinking and cleavage reactions observed at

T-9 and T-18 reflect the formation of a triple helix in which the two

oligo(dT)8 have an anti-parallel orientation with respect to each other.

Previous studies have shown that the double helix formed by [a]-(dT)8 with

(dA)8 involves a parallel orientation of the two strands (17). Therefore the
second [a]-(dT)8 in the triple helix should be bound in an antiparallel

orientation with respect to the (dA)8 strand (see figure 5).

Site-specific cleavage of a double-stranded DNA by N3Pf-[a]-(dT)a
Adenine can form hydrogen bonds with two thymines. The results

reported above showed that two [a]-(dT)8 could bind to a (dA)8 sequence. It

was therefore of interest to determine whether [a]-(dT)8 could bind to a

natural DNA double helix containing eight A.T base pairs with all adenines on

the same strand. We used a 27-mer duplex as a target for N3Pf-[a]-(dT)8. A

slight excess of the 27mer-(dT)8 strand was used in order to ensure that no

free 27mer-(dA)8 was present in the solution. The duplex and N3Pf-[a]-(dT)8
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Figure 4 : Cleavage of the two strands of the 27 mer-duplex (10 nM in each
strand) after irradiation at 0 C in the presence of 50 jM N3Pf-[a]-(dT)8 in a
pH 7 buffer containing 10 mM Na phosphate and 1 M NaCl followed by piperidine
treatment at 900C for 20 minutes. Horizontal arrows indicate the main cleavage
sites.
Left : 5'-end labeled 27mer-(dT)8 strand. Lane 1 : control (irradiation in the
absence of N3Pf-[a]-(dT)8). Lane 2 : irradiation in the presence of
N3Pf-[a]-(dT)8. Lane 3 : (C + T) sequence.
Right : 5'-end labeled 27mer-(dA)8 strand. Lane 4 : (G + A) sequence. Lane 5
irradiated in the presence of N3Pf-[a]-(dT)8. Lane 6 : irradiated in the ab-
sence of N3Pf-[a]-(dT)8. (The weak bands at guanines arise from piperidine
treatment).

were mixed and irradiated at 0°C at wavelengths longer than 300 nm. After

irradiation the samples were treated by 1M piperidine at 900C for 20 minutes

as described above for single-stranded 27mer-(dA)8. Two separate experiments

were carried out with either the (dA)8-containing strand or the (dT)8-contai-
ning strand 5'-end-labeled by polynucleotide kinase. The results are shown in

figure 4 together with the (C+T) sequence of the 27mer-(dT)8 strand and the (G
+ A) sequence of the 27mer-(dA)8 strand. The number assigned to each base pair

are shown on figure 1. Note that the (dA)8-containing strand is numbered star-
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(a) [P] , 1 5 [n. 3--43

(b) [P1 5 lal 5 - 3' 3[ml 354'-

(b) [pI 15f' . 1 315r-(Py )-'

Figure 5 Schematic representation of (a) a double helix with parallel
strands formed by an oligo-[a]-deoxynucleotide with its complementary [s]-
sequence, (b) a triple helix formed by an oligo-[a]-thymidylate with a com-
plementary oligo-[8]-deoxyadenylate sequence and (c) a local triple helix
formed by an oligo-[a]-pyrimidine with a double-stranded DNA fragment (natural
[s]-anomers) containing an oligopurine-oligopyrimidine sequence.

ting from the 5'-end and the (dT)8-containing strand from the 3'-end. It is

clearly seen that cleavage reactions occurred on both strands. The main clea-

vage occurred at T-10 on the 27mer-(dT)8 strand and at G-8 followed by T-9 on

the 27mer-(dA)8 strand. The location of these cleavage sites revealed that

N3Pf-[a]-(dT)8 was bound to the (dA)8.(dT)8 sequence of the 27-mer duplex in a

parallel orientation with respect to the (dA)8-containing strand. The isolated

27mer-(dT)8 single-stranded fragment did not give rise to any photoreaction

with N3Pf-[a]-(dT)8 as expected from the lack of complementarity between the

two sequences (results not shown). Therefore base modifications observed on

the 27mer-(dT)8 strand in the 27-mer-duplex was a convincing argument for

N3Pf-[a]-(dT)8 binding to the duplex structure. There remained the possibility

that N3Pf-[a]-(dT)8 was bound to the (dA)8 sequence in a locally melted 27mer

duplex. However it was very unlikely that the 27mer duplex was open in its

central region at 0°C in the presence of 1M NaCl. Moreover had N3Pf-[a]-(dT)8
been bound to the (dA)8 sequence in a locally single-stranded region, the main

reaction would have been located at T-9 as observed with the 27mer-(dA)8
single strand (figure 2) and not at G-8 as observed with the 27mer duplex.

All these observations demonstrate that N3Pf-[a]-(dT)8 binds to the

(dA)8.(dT)8 sequence of the 27mer double-stranded DNA in a parallel orienta-

tion with respect to the (dA)8-containing strand (figure 5) and that azidopro-

flavine is responsible for photocrosslinking reactions with cleavage occur-
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ring at the crosslinked sites after piperidine treatment. There is a diffe-

rence in reactivity between the two strands with the 27mer-(dA)8 strand reac-

ting more efficiently. This difference very likely arises from different

orientations of the azidoproflavine ring with respect to the reacting bases.

Further physicochemical studies are required to characterize the structure of

the local triple helix.

DISCUSSION

Azidoproflavine covalently attached to the 3'-end of an oligo-[a]-

deoxythymidylate is able to induce crosslink formation with a complementary

sequence upon irradiation with light of wavelengths longer than 300 nm. Cross-

links can be converted to chain breaks upon treatment with piperidine at high

temperature. The results summarized in figure 1 show that cleavage occurs at

well-defined positions on both a single-stranded oligodeoxynucleotide and a

double-stranded DNA fragment containing a stretch of A.T base pairs with all

adenines on the same strand.

On the single-stranded DNA fragment photocrosslinking and cleavage

occur on both sides of the target sequence. This has been ascribed to the

formation of a triple helix where the two oligo-[a]-(dT)8 strands have an

anti-parallel orientation with respect to each other. Previous studies (17)

have shown that an oligo-[a]-(dT)8 can form a double helix with a (dA)8 se-

quence in which the two strands have a parallel orientation, as shown on fi-

gure 5. The presence of azidoproflavine covalently linked to the 5'-end of the

oligothymidylate appears to favor formation of a triple helix as does pro-

flavine (18).
We have shown that [a]-(dT)8 covalently linked to an azidoproflavine

group could bind to a double helix containing a (dA)8.(dT)8 sequence. The

[a]-dT8 oligonucleotide is oriented parallel to the (dA)8 strand as shown on

figure 5. Complex formation results from the ability of thymine to form two

hydrogen bonds with an adenine already engaged in a Watson-Crick base pair.

Therefore recognition of the (dA)8.(dT)8 duplex structure involves the major

groove of the double helix. The major groove is also involved in the recogni-

tion of base pair sequences by regulatory proteins (1) whereas the minor

groove accommodates several sequence-specific DNA-binding drugs (24). Guanine

can also form hydrogen bonds with two cytosines provided one of them is pro-

tonated. Triple helix formation by polyd(GA).polyd(CT) has previously been

demonstrated (25). The results presented in the above study therefore open

the way for the design of sequence-specific DNA-binding drugs which could
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selectively recognize polypurine-polypyrimidine sequences in double-stranded

DNA. The nuclease resistance of oligo-[a]-deoxynucleotides (13,14) make them

valuable tools for in vivo studies. The covalent attachment of substituents

which can be chemically or photochemically activated allows irreversible reac-

tions to be targeted to complementary sequences. Polypurine-polypyrimidine

sequences are often present in the control region of eukaryotic genes and

exhibit hypersensitivity to Si nuclease (26 and references therein). Such

sequences constitute good targets for site-specific reagents which could

interfere with gene expression. Work along this line is in progress in our

laboratories.
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